Abstract: This study incorporates the computation of load distribution for an intelligent air-cushion track vehicle (IACTV) based on optimal power consumption (PC). A novel design auto adjusting air-cushion system has been designed and developed to minimise the PC. Focusing on optimising total PC, three main issues were studied in this paper. First, a theoretical model is developed for optimising total PC of the vehicle and the effects of load distribution on total PC. Second, a fuzzy expert system (FES) is used to control the swamp tracked vehicle's intelligent air cushion system and thus minimise the PC. Third, an artificial neural network (ANN) model has been developed which has been trained to predict the total PC for IACTV and to provide illustration how FES might play an important role in the prediction of PC of the vehicle's intelligent air-cushion system.
Introduction
Because of the potential of intelligent air-cushion track vehicle (IACTV) to reduce fuel consumption, IACTV has become one of the most viable alternatives to conventional vehicles such as fully tracked vehicles and fully wheeled vehicles of transportation era in swamp terrain for which the transportation operation in agriculture over the swamp peat terrain is considered as the biggest issue of the world. Due to the wide application of off-road vehicles over soft terrain and swamp peat such as agriculture, forestry, construction and the military, there is a need to increase the knowledge about artificial intelligence of swamp peat vehicle. The swamp peat terrain is a most critical terrain in Malaysia in where the plantation companies are expanding their plantations. It is reported by Malaysia Agriculture Research Development Research Institute (MARDI) (Jamaluddin, 2002) that the swamp peat terrain surface mat thickness is closed to 70 mm and ground contact pressure is 7 kN/m 2 . It is an important problem to develop the vehicles with high crossing ability, good tractive performance and manoeuvre operating on soft terrain, which is concerned of agriculture as well as military field. There is not a single vehicle in Malaysia developed to do the transportation operation on such terrain. Many research works have been carried out by Rahman et al. (2005 Rahman et al. ( , 2007b to solve the transportation problems on moderate peat terrain. But still no one offers any vehicle on low bearing capacity swamp peat terrain in Malaysia. A semi-track air-cushion vehicle which combines air-cushion system with a driving mechanism has been developed working soft terrain which has been tested in the soil-bin made by sandy loam in the research laboratory (Luo et al., 2003) . However, the use of commercial intelligent air-cushion tracked vehicles to test the vehicle parameters is limited due to the difficulties in varying parameters as well as the control of the air-cushion pressure. A small scale hybrid electrical air-cushion tracked vehicle (HEACTV) was therefore developed which offered the possibility to vary vehicle parameters in simple way based on low bearing capacity of peat swamp (Rahman et al., 2010) . The air-cushion system of this vehicle has been designed in such a way that it would not slide on the terrain with the vehicle movement. It only supports the vehicle once the air-cushion touches the ground with sinkage closed to 70 mm or more. The air-cushion chamber was protected by using a novel design auto adjusting system since the terrain is unprepared and has poor trafficability due to the presence of submerged and undecomposed and partially decomposed materials. The air-cushion system is controlled by applying fuzzy logic controller more precisely during operation the vehicle over the swamp terrain and is able to reduce the dragging motion resistance significantly thus reducing the total power consumption (PC) (Hossain et al., 2010b) . The detail design and development of the vehicle is given in the earlier published article (Rahman et al., 2010) .
Like many other real-world optimisation, at present, various techniques exist in soft computing method such as statistics, machine learning, neural network (NN), simulated annealing (SA), genetic algorithms, and fuzzy logic system (FLS) (Carman, 2008; Hossain et al., 2009) . Currently artificial intelligence methods have largely been used in the different areas including the transportation, agricultural, military and industrial applications. In the transportation area, many expert systems were designed for predicting the PC of the vehicle (Hossain et al., 2010a) . Based on the studies on wheeled air-cushion vehicles and semi-tracked air-cushion vehicles, an artificial intelligent system using NN was introduced to predict the total PC for the swamp terrain vehicle. NN methods have become very popular and attractive involving input-output mapping (Kumar, 2004) . NNs are non-linear computer algorithms, which can model the behaviour of complicated non-linear processes, can learn by examples and can therefore be trained with known examples of a problem to acquire knowledge about it (Rajasekaran and Vijayalakshimi, 2003) . Therefore, the aim of this study is to construct an artificial neural network (ANN) model for the prediction of the total PC of IACTV. A comparative performance analysis of this approach, by sampling data collected from the operation, was used to validate the ANN models.
Methodology

Vehicle description
The developed small-scale hybrid electrical air-cushion tracked vehicle made for the transportation operation of agricultural and industrial goods on swamp peat in Malaysia is shown in Figure 1 (Rahman et al., 2010) . The dry weight of the vehicle was considered as 2.43 kN and it was designed mainly for operating a maximum load of 3.43 kN including a 1.0 kN payload over the swamp peat terrain. The total ground contact area of the vehicle was 1.052 m 2 including 0.544 m 2 of the air-cushion system. The vehicle was powered by a battery pack comprising eight (8) lead acid batteries. The field experiment was carried out on the terrain of length 50 m just on the river side of the International Islamic University Malaysia with travelling speed of 10 km/h. An intelligent air-cushion control system is introduced in this study with incorporating the track vehicle . 
Traction force and total motion resistance
Traction force for the bottom of the vehicle's track ground contact part on peat terrain is calculated by Rahman et al. (2009) :
In equation (1), F t is the traction develops at the bottom part of the track in kN, L is the track ground contact length in m, A t is the area of the track ground contact part in m 2 , W t is the vehicle load supported by the track system in kN, ϕ is the terrain internal friction angle in degrees, K w is the shear deformation modulus of the terrain in m, and i is the slippage of the vehicle in percentage. In this study, IACTV is designed mainly for supporting the vehicle's partial load. The total motion resistance R t will be only the sum up of motion resistance due to terrain compaction R c , inner resistance R in , and the dragging motion resistance R drag , and can be expressed as below [ ] 2 3 4 2 2 3 222 3 tan 1, 000
where B is the track width in m, z is the sinkage in m, m m is the surface mat stiffness in N/m 3 , k p is the underlying peat stiffness in N/m 3 , D htc is the track hydraulic diameter in m when air cushion touches the ground, A C is the air-cushion effective area, W is the total weight of the vehicle in N, v is the vehicle theoretical speed in km/h, g is the gravitational acceleration in m/s 2 , and p c is the cushion pressure in N/m 2 .
Total power consumption
The total power requirement P of the vehicle includes the power for air cushion system P c and the power for driving system P d , which is given by Hossain et al. (2010b) :
where
and P d = R t v t and h c is theoretical clearance height in m, L c is the air-cushion perimeter in m, D c is the discharge coefficient, ρ is the air density in kg/m 3 , and v is the vehicle theoretical speed in km/h. For a particular soil condition, the existence of an optimal load distribution ratio, which results in minimum total power consumption (PC) for the vehicle, could be determined. So for equation (3), taking partial derivative of P and equal to zero,
Optimal cushion pressure p c can be calculated for given soil condition and vehicle speed.
For an intelligent air cushion tracked vehicle with a given load, the optimal air-cushion pressure is relevant to soil condition, vehicle speed and clearance height that affect total PC and operation performances.
Artificial neural network
Architecture of artificial neural networks
Artificial neural network (ANN) system is introduced in this study for the prediction of total PC of the vehicle with controlling the intelligent air-cushion system. The main advantage of NN is that it can accept a large number of inputs learn solely from training samples and it is useful in establishing relationships between inputs and outputs of any kind of system (Nguyen et al., 2003 ). An ANN model called the multi-layer perceptron (MLP) NN (more than one layer of neurons) is used in this study. Each layer employs several neurons (nodes), and each neuron in a layer is connected to the neurons in the adjacent layer with different weights. The mathematical model of artificial neuron is based on: neurons are the elementary units in a nervous system at which information processing occurs, incoming information is in the form of signals that are passed into the input layer, and are passed through the hidden layer(s), and are arrived at the output layer. With the exception of the input layer, each neuron receives signals from the neurons of the previous layer. The incoming signals or input (x i ) are multiplied by the weights (w ij ) and summed up with the bias (b j ) contribution. Mathematically it can be expressed as:
The output of a neuron is determined by applying an activation function to the total input and calculated using equation (5) (Kalogirou, 2000) . If the computed outputs do not match the known (i.e. target) values, NN model is in error. Then, a portion of this error is propagated backward through the network. This error is used to adjust the weight and bias of each neuron throughout the network so the next iteration error will be less for the same units.
The following procedures have been executed in all the models developed;
1 database collection 2 analysis and preprocessing of the data 3 training of the NN 4 testing the train network 5 using the trained ANN for simulation and prediction using trained network.
An important stage of a NN is the training step, in which an input is introduced to the network together with the desired output: the weights and bias values are initially chosen randomly and the weights adjusted so that the network produces the desired output. After training, the weights contain meaningful information, contrary to the initial stage where they are random and meaningless. When a satisfactory level of performance is reached, the training stops, and the network uses the weights to make decisions.
Application of neural networks in the present study
Three data sets were needed for ANNs: one for training the network, second for validation and third for testing the network. In this study, for implementation of ANN into the intelligent air-cushion system, cushion clearance height (CH) and cushion pressure (CP) were used in input layer while PC was used as the output layer. A single hidden-layer ANN architecture used in this study is shown in Figure 2 . The learning algorithm called the back-propagation was applied for the single hidden layer. Levenberg-Marquardt (LM) algorithms have been used for the variants. Inputs and output have been normalised in the range of 0.1-0.9 as NN works efficiently within this range. Neurons in the input layer have no transfer function. Logistic sigmoid (logsig) transfer function has been used in hidden layer while purelinear (purelin) transfer function has been used in output layer. After the successful training of the network, the network was tested with the test data. Using the results produced by the network, statistical methods have been used to make comparisons. 
Prediction power consumption measurement
The predictive ability of the developed system investigated according to mathematical and statistical methods are given as follows (Hossain et al., 2010b) : 
where RMS is the root mean squared, η is the goodness of fit, ε is the mean percentage relative error (MPRE), n is the number of observations, y is the actual value, y ∧ is the predicted value, and y is the mean of actual values. The goodness of fit also gives the ability of the developed system and its highest value is 1. RMS should be small as close as 0 for good accuracy of predict. The relative error gives the deviation between the predicted and experimental values and it is required to reach zero.
Fuzzy logic system
Fuzzy logic structure
Fuzzy logic system (FLS) is introduced in this study for the prediction of total PC of the vehicle with controlling the intelligent air-cushion system. For implementation of fuzzy values into the intelligent air-cushion system by using FLS, CH and CP were used as input parameters and PC was used as output parameter. For fuzzification of these factors the linguistic variables very low (VL), low (L), medium (M), high (H), and very high (VH) were used for the inputs and outputs. For the two inputs and one output, a fuzzy associated memory or decision (also called decision rule) is shown in Table 1 . Total of 25 rules were formed. The details of FLS have been explained in the earlier article by Hossain et al. (2010b) . There is a degree of membership for each linguistic term that applies to that input variable. Fuzzifications of the used factors are made by aid follows functions. These formulas are determined by using measurement values. 
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Similarly, the linguistic expressions and membership functions of CP, and PC are obtained. In defuzzification stage, truth degrees (μ) of the rules were determined for the each rule by aid of the min and max between working rules. The output denoted by 'PC crisp ' can be calculated which represents the conclusions of the fuzzy controller. Due to its popularity, the 'centre of gravity' (COG) defuzzification method by Passino and Yurkovich (1998) is used for combining the recommendations represented by the implied fuzzy sets from all the rules as follows: 
Principle of control system
A fuzzy logic controller is designed to simulate the fuzzy system once it has been verified with the rule viewer using Matlab Simulnik. The fuzzy logic controller block in Simulink has two inputs: cushion height and cushion pressure respectively and one output: total PC respectively as shown in Figure 3 . Since the load distribution affects the total PC significantly, so cushion pressure (CP) is used as controlled variable in the control system of the vehicle which is controlled based on the cushion clearance height (CH). Using Matlab Simulink, the controller shows the output result of total PC as 3.592 kW based on two inputs of cushion height and cushion pressure as 0.02688 m and 1.363 kPa respectively which can be observed using three display results of the control systems (Hossain et al., 2010c) . 
Control surfaces
Using Matlab, the fuzzy control surface is developed as shown in Figure 4 . The relationships between clearance height and cushion pressure are on the input side, and controller output total PC is on the output side. The control surface is the output plotted against the two inputs, and displays the range of possible defuzzified values for all possible inputs. The plot results from the interpolation of rule base with twenty five rules as shown in Table 1 . The plot is used to check the rules and the membership functions on determining the effect of input parameters on the output parameter. It shows that the output of the controller is within the range of the vehicle performance according to the results reported by Wong (1972) . 
Results and discussions
To optimise the PC of IACTV the design parameters of the vehicle as shown in Table 2 are taken into accounts. The PC of the vehicle is optimised based on the load distribution which is mainly for cushion pressure, clearance height and vehicle speed (Wong, 2008) . For a given soil condition, the required total power demand of the IACTV can be predicted with different load distribution levels. Figure 5 Cushion system set up (see online version for colours)
Notes: 1 air-cushion 2 compressor 3 air accumulator 4 pressure sensor 5 inlet valve 6 battery 7 inlet port of cushion.
Effect of load distribution on total power consumption
The present study is focusing on intelligent air-cushion system with load distribution for minimising total power consumption (PC). Effectiveness of the developed system has emphasised to the tractive performance of an IACTV (Rahman et al, 2007a) . To examine the predicted system, a typical simulation is investigated on the established theoretical model and the designed prototype and has been compared with the experimental results (Hossain et al., 2010c) . The experimental set up is shown in Figure 5 . The effect of load distribution ratio on PC for the IACTV is shown in Figure 6 and it is observed that it affects the PC significantly as PC linearly increases with the increase of load distribution ratio. Based on previous researches (Luo and Yu, 2007) , for the present IACTV, an optimal load distribution ratio of 0.2 was obtained which results in minimum PC of 3.5 kW which is supported by the author in the previous article for the loading condition of 3.43 kN (Hossain et al., 2010d) . Figure 7 shows the correlation between the actual and predicted FLS values for the total power consumption (PC). The correlation coefficient of total PC is found as 0.96. The mean relative error of actual and predicted values from the FLS model on total PC is found as 10.63% which is found to almost equal to the acceptable limits of 10%. The goodness of fit of the prediction values from the FLS model is found as 0.97 which is closed to 1.0 as expected (Hossain et al., 2010b) .
Performance evaluation of total power consumption
Performance evaluation of ANN
In the present work, 34 data sets have been used for predicting the total PC of IACTV, of which 14 values were used for training network, 10 values were used for validation and 10 values were selected randomly to test the performance of the trained network. The training samples of PC have been shown in Table 3 . All of the input and output values were normalised into the range 0.1-0.9. Validation values were used for early stop of training and to avoid over training. The actual and predicted outputs of training and testing have been shown graphically in Figures 8 to 9 . In the training period, the mean relative error was found to be less than 0.08% for total PC. This good predictability can be observed from Figure 8 , indicating that the network was able to accurately learn the training data sets. After successful training and validation, 10 data sets were used to test the network. The formulation of the output has been prepared according to the best hidden number of neurons and algorithm. The output obtained from the weights is given in equations (18) to (19). The parallel line of actual and predicted in Figure 9 indicates the satisfactory prediction ability of the network for the performance of IACTV. The formulation of the output obtained from the weights is given in equation (18) 
where F i (i = 1,2, …….5) can be calculated according to equation (19).
where E i is the weighted sum of the input and is given by equation as in the Table 4 .
The equation in Table 4 depends on the cushion clearance height (CH) and aircushion pressure (CP) which are the input of the network and the coefficients are the weights, which lie between input and hidden layer. When using the equation in Table 4 , CH and CP values are normalised with the range of 0.1 to 0.9 to obtain the performance value in equation (18). The coefficients in equation (18) are the weights, which lie in the hidden and output layers. Using the above formulae, the performance of the air-cushion track vehicle could be obtained within the error ranges given in Table 5 . It shows that the relative error in the testing period between predicted and actual values was found to be 0.5%. Goodness of fit (η) value is very close to unity, and the RMS value is very small as 0.03 which is supported by Hossen et al. (2009) . 
Conclusions
The objective is the total PC optimisation and maintenance of driving performance characteristics within standard limits. To this end, the rule base of FLC is designed based on the knowledge of experts. The performance results obtained from FLS show the effectiveness of this approach in terms of reducing the value of objective. Furthermore, this system uses statistical records of PC and computer modelling technique to train the NN to recognise cushion pressure based on cushion clearance height. This allows greater levels of confidence in optimum PC of IACTV as well as driving performance. In this study, according to evaluation criteria of predicted performances of developed NN model was found to be valid from the overall results. However, the conclusions drawn from this investigation are as follows:
1 The mean relative error of total power consumption is found as 10.63% which is almost equal to the acceptable limits of 10%.
